Palm fruit juice (PFJ) containing oil palm phenolics is obtained as a by-product from oil palm (Elaeis guineensis) fruit milling. It contains shikimic acid, soluble fibre and various phenolic acids including p-hydroxybenzoic acid and three caffeoylshikimic acid isomers. PFJ has also demonstrated beneficial health properties in various biological models. Increasing concentrations of PFJ and different PFJ fractions were used to assess growth dynamics and possible anti-ageing properties in fruit flies (Drosophila melanogaster) genotype w
Introduction
Ageing is a time-associated progressive decline in biological functions. It is a complex process defined by a decreased capacity to tolerate or respond to various stresses, and an increased predisposition to various diseases (Kregel and Zhang, 2007) . A common occurrence in agerelated pathologies is oxidative stress as a possible unifying mechanism in the aetiology of chronic diseases. Accordingly, certain single gene mutations that increase lifespan in model organisms correlate with increased oxidative stress resistance (Hekimi and Guarente, 2003; Tatar et al., 2003) . The premise of age-related inflammation is based on two established findings, immune system dysregulation with age, and altered redox status during ageing that increases oxidative stress (Chung et al., 2009 ). This results in physiological ageing associated with functional decline and pathological ageing associated with chronic diseases.
In line with the evolutionary theories of ageing, two major correlations underlie the biology of ageing, i.e. the negative correlation between lifespan and reproduction, as well as the positive correlation between lifespan and stress tolerance (Paaby and Schmidt, 2009) . Moderate stress could have beneficial effects in stimulating the innate defence resources of the body, thus boosting its ability to cope with higher stress levels and slowing the ageing process, while prolonged or severe stress exposure exhausts the defence mechanisms, causing drastic accumulation of errors and physiological abnormalities, thus accelerating the ageing process (Moskalev et al., 2014) . Also known as the hormesis effect, moderate stress stimulates the expression of genes responsible for preventing or eliminating genetic errors (Rattan, 2008) . In fact, ageing is now proposed to be the result of a hyperfunction paradigm, which results in late life hypertrophy and hyperplasia-driven pathologies, rather than a damage/maintenance paradigm (Gems and Partridge, 2013) .
Identification of gerontogenes, i.e. genes which increase lifespan when overexpressed or mutated, typically involves screening model organism mutant strains with different rates of ageing compared to controls. Gerontogenes can be classified as housekeeping genes, lifespan effectors, lifespan mediators, lifespan regulators, mitochondrial function genes, as well as genes involved in cellular senescence and apoptosis. A majority of these gerontogenes and longevity molecular pathways are highly interconnected and associated with improved stress tolerance (Moskalev et al., 2014) . Genetic studies have now established that ageing is regulated by genes conserved across species, ranging from yeast to mice (Guarente and Kenyon, 2000; Hekimi and Guarente, 2003) , and involving signalling networks which encompass DNA damage response signalling, mitogen-activated, nutrient-sensing and stress-responsive pathways (Blagosklonny et al., 2009 ). Incidentally, caloric restriction modulates proteins of the same evolutionarily conserved signalling networks which are antagonistically pleiotropic, i.e. anti-growth and development early in life and anti-ageing later in life. While attainment of immortality is an impossible goal, antiageing research provides insight to improve longevity and life quality. Identification of genetic pathways associated with delayed ageing serves to provide information concerning the pathophysiology of diseases that contribute to ageing for pharmaceutical development and can contribute to diagnostic techniques for ageing that shorten the duration of clinical trials (Johnson et al., 2013) .
Caloric restriction is by far the most appreciated dietary measure known to extend median and maximal lifespan (Spindler, 2010) . It involves limiting dietary energy intake to improve health and retard ageing. Animal species tested with caloric restriction, including rotifers, worms (Caenorhabditis elegans), fruit flies (Drosophila melanogaster), spiders, mice, rats and primates, have shown lifespan extension (Weindruch et al., 2001) . In human subjects, caloric restriction has been shown to cause beneficial metabolic, hormonal and functional changes (Fontana and Klein, 2007) . It is commonly accepted that caloric restriction also is able to retard the onset of chronic diseases related to ageing. Therefore, caloric restriction-mediated prevention of these diseases and ultimately life-threatening disorders that reduce longevity could be the reason for its effects on lifespan extension (Ristow and Schmeisser, 2011) . Although caloric restriction has been extensively investigated in various species, its mechanisms are still elusive. It was frequently reported that caloric restriction reduces oxidative stress, by reducing free radical production or inducing antioxidant enzymes (Barja, 2002; Ferguson et al., 2008; Gredilla and Barja, 2005) . However, more recent investigations suggest that adaptive hormetic response mechanisms may result from beneficial alterations initiated by caloric restriction (Meydani et al., 2011; Schulz et al., 2007; Sharma et al., 2011; Stankovic et al., 2013; Zuin et al., 2010) .
Phytochemicals can also extend longevity via evolutionarily conserved mechanisms involved in nutrient-, energy-and stress-sensing pathways, which include the insulin/insulin-like growth factor 1 signalling (IIS) pathway, the target of rapamycin (TOR) pathway, the sirtuin-governed protein deacetylation integrating IIS and TOR pathways, the p38 MAPK stress-responsive signalling pathways and the nonselective autophagy pathway for cellular, organellar and macromolecular degradations (Leonov et al., 2015) . The complex effects of exogenous antioxidants such as phytochemicals in model organisms are attuned to the present view that free radicals are not only damaging agents, but may also be involved in signalling pathways and mediate beneficial response reactions on the basis of adaptive hormetic mechanisms which involve mild and repeated stresses (SadowskaBartosz and Bartosz, 2014) . In Caenorhabditis elegans for example, mutants with increased lifespan have stress-responsive abilities towards heat, ultraviolet radiation and reactive oxidants (Johnson et al., 2002) . Hormetic agents such as caloric restriction, resveratrol, rapamycin, metformin, p53-inducing agents, physical exercise, heat shock, hypoxia and certain medical interventions, are able to inhibit the TOR pathway and/or increase ageing tolerance to complications of age-related diseases by protecting organisms from stronger stresses (Blagosklonny, 2011) .
In the past 30 years, the number of scientific articles regarding antiageing interventions, together with anti-ageing compounds, has exponentially increased, being as high as five-fold in the last 10 years (Correa et al., 2018) . Among some of the phytochemicals extensively studied as anti-ageing compounds are quercetin, epicatechin, curcumin and resveratrol (Correa et al., 2018) . The positive actions of phytochemicals on ageing can be a result of numerous underlying mechanisms, including their antioxidant protection from macromolecular damage (Khan et al., 2016) , effects on multiple molecular pathways which regulate lifespan (Granado-Serrano et al., 2010; Johnson et al., 2013; Meng et al., 2015; Seo et al., 2013) and stimulating stress resistance as a result of hormesis (Proshkina et al., 2016; Son et al., 2008) However, the effects of secondary plant metabolites have also been contradictory. For example, it has been previously reported that resveratrol had no significant effects on Drosophila lifespan and only slightly increased the lifespan of wild type and sir-2.1 mutant C. elegans, the effect on the latter possibly due to the induction of phase two drug detoxification or activation of AMP kinase (Bass et al., 2007) . In addition, the 2003 National Institute on Ageing Interventions Testing Program independently tested five agents: namely green tea extract, curcumin, oxaloacetic acid, medium-chain triglyceride oil and resveratrol, but found no statistically significant effect of these compounds on the lifespan of genetically heterogeneous male or female mice, although a secondary analysis suggested that green tea extract might diminish the risk of midlife deaths in females (Strong et al., 2013) . Hence, the hunt for anti-ageing compounds, especially from plants, remains an active area of research.
The oil palm (Elaeis guineensis) fruit contains bioactive lipid-and water-soluble compounds (Sambanthamurthi et al., 2011a) . The watersoluble compounds are rich in phenolics, shikimic acid and soluble fibre extracted from the aqueous vegetation liquor produced from oil palm milling as palm fruit juice (PFJ). The phenolic compounds include phydroxybenzoic acid and three caffeoylshikimic acid isomers (Sambanthamurthi et al., 2011a) . PFJ has demonstrated positive effects against degenerative diseases in various biological models without toxicity (Abeywardena et al., 2013; Bolsinger et al., 2014; Che Idris et al., 2014; Ji et al., 2015; Osborne et al., 2014; Patten et al., 2015; Sambanthamurthi et al., 2011a; Sambanthamurthi et al., 2011b; Sekaran et al., 2010) . The No Observable Adverse Effect Level (NOAEL) of PFJ was considered to be 2000 mg/kg body weight/day (Lynch et al., 2017) . Microarray profiling previously conducted on organs of mice supplemented with PFJ in three different modules [normal diet (Leow et al., 2011; Leow et al., 2013c) , atherogenic diet (Leow et al., 2013b) and cancer (Leow et al., 2013a; Sambanthamurthi et al., 2011b) ] suggested possible applications of the extract in wellness maintenance and chronic disease prevention. Based in part on the above observations, the hypothesis that PFJ fed to larvae might alter their growth and development to ultimately enhance lifespan of adult flies was tested. Possible anti-ageing effects of PFJ on the life cycle of Drosophila melanogaster were assessed via physiological and transcriptomic studies. liquor in two batches from the MPOB Phenolics Antioxidant Pilot Plant in Labu, Negeri Sembilan, Malaysia, according to the methods previously described (Sambanthamurthi et al., 2008) . The phenolic content of these stock solutions was determined using the Folin-Ciocalteu reagent (Gao et al., 2000) . The first batch of liquid PFJ stock solution had a phenolic content of 21,900 mg gallic acid equivalents (GAE)/L and was used in the dose-related fruit fly experiments (Experiments 1 and 2). The second batch of liquid PFJ stock solution had a phenolic content of 19,000 mg GAE/L and was used in the fraction-related fruit fly experiments (Experiment 3), gene expression studies (Experiment 4) and capillary feeding (CAFÉ) gustatory assay for diet preference (Experiment 5).
PFJ fractions were extracted from liquid PFJ samples using ethyl acetate (Sambanthamurthi et al., 2011a) . The supernatant was evaporated (water bath temperature 55°C, rotation speed 35 rpm and pressure 5.5 kPa) by using a BUCHI R-205 rotary evaporator (BUCHI Labortechnik AG, Switzerland) and injected into a Waters Preparative AutoPurification High Performance Liquid Chromatography (HPLC) System, which includes a 2767 Sample Manager, a 2545 Binary Gradient Module, a System Fluidics Organiser, a 2489 UV/Vis Detector and the MassLynx Software with the FractionLynx Application Manager (Waters Corp., Milford, MA) for fraction separation.
Preparative HPLC separation was achieved using a reverse phase Waters Atlantis C18 5 μm column (Waters Corp., Milford, MA). A binary gradient system was used as the mobile phase, with phase A comprising distilled water containing 0.02% (v/v) trifluoroacetic acid and phase B comprising 70%:30% (v/v) methanol-acetonitrile. A flow rate of 20 mL/min and a pressure limit of 2.76 × 10 4 kPa were used. The gradient elution with a total run time of 55 min was as follows: started from 100% (v/v) phase A and 0% (v/v) phase B, increased to 32.5% (v/ v) phase B over 40 min, then increased to 62.5% (v/v) phase B over 6 min and finally decreased to 0% (v/v) phase B over 9 min. Fractions as characterised by ultraviolet/visible (UV/VIS) detection at 280 nm UV wavelength were collected based on their retention time (Fig. 1) . The fractions were then rotary evaporated and dried with a freeze dryer (Ilshin, South Korea) (temperature − 55°C and pressure 689.48 kPa) and kept at −80°C until use. The phenolic content of these fractions was also determined using the Folin-Ciocalteu reagent (Gao et al., 2000) .
Preparation of fruit fly diet
The fruit fly control Standard Brandeis Diet (SBD) used in the present study was prepared fresh prior to each experiment according to its composition (Table 1) . For diet mixing, water was first brought to a boil and agar was mixed in slowly. Calcium chloride and methyl-4-hydroxybenzoate were then stirred into the solution along with the different amounts of PFJ or fractions tested. Finally, all the dry ingredients, including dextrose, cornmeal, flaked yeast and Na + K + tartrate, were blended into the mixture. As the mixture thickened, 10 mL of diet was pipetted into 40 mL plastic vials and set to cool under a towel to minimise exposure to dust. The 40 mL vials were stoppered with cotton overnight and finally refrigerated until use within a week.
Fruit fly strain and husbandry
Fruit flies (Drosophila melanogaster) genotype w 1118 were utilised for all experiments. This genotype is a white-eyed strain null for the gene White and is commonly used as a background strain for most transgenic experiments. Fruit fly feeding was conducted in five different experiments. The flies were housed in plugged and capped culture vials (Fisher Scientific, Waltham, MA) partially filled with 10 mL of the required diet. All stocks were maintained in incubators at 25°C and a 12 h/12 h light/dark cycle. Humidity was maintained via water pans in the incubators at 70% (v/v) humidity. The first two experiments compared different doses of PFJ, while the third compared PFJ against three of its major fractions. The fourth experiment was conducted specifically to obtain fruit fly larvae samples for gene expression analysis. The fifth experiment represented a capillary feeding (CAFÉ) gustatory assay for diet preference to ascertain that the PFJ diet was acceptable and Fig. 1 . Preparative liquid chromatogram of PFJ fractions viewed at 280 nm ultraviolet wavelength. The major components for fractions F1, F5 and F7 are shikimic acid and soluble fibre, p-hydroxybenzoic acid and caffeoylshikimic acid respectively.
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2.3.1. Experiments 1 and 2: PFJ dose-related experiments for determination of optimal fruit fly larvae pupation and eclosion The first two experiments compared different doses of PFJ incorporated into the control diet (SBD) to determine limits of acceptability of a stock solution (21,900 mg GAE/L). Experiment 1 evaluated the effects of 0, 2, 4, 6, 8 and 12 mL PFJ (providing 0, 536, 1072, 1606, 2144 and 3216 μg GAE/kcal diet respectively). The volume of PFJ incorporated into each test diet was balanced by the removal of an equivalent volume of water used in diet preparation. This experiment was repeated in Experiment 2, where the high 12 mL dose was removed, but a low 3 mL dose of PFJ (804 μg GAE/kcal diet) was introduced to better explore the most sensitive range of PFJ activity.
One female and two males were used in each cross for each diet. The initial cross took place with nutritional yeast granules sprinkled on top of the media, available for 24 h before transferring the parent flies onto test diets with no yeast granules applied topically for another 24 h of egg laying at the start of the study. Parent flies were then removed, and eggs from these diets without added yeast granules were counted and recorded at the initial phase of the experimental procedures.
Diet vials were observed during the next 14 days for the following parameters: estimated number of eggs laid, size and motility of third instar larvae (subjective score 1-5: small-medium-large, and motility as inactive movement in media to actively climbing vial wall in order to pupate and eclose); number and percentage of pupations (pupae from eggs); number and percentage of eclosions (eclosed flies from pupae); percentage of eclosed flies from eggs. Statistical analyses on these parameters were carried out using the Super ANOVA statistical software (Abacus Concepts, Inc., Berkeley, CA). One-way analysis of variance (ANOVA) and Fisher's partial least squares discriminant (PLSD) tests were performed, and differences with p values < 0.05 were considered statistically significant.
Experiment 3: PFJ fraction-related experiment for estimating fruit fly adult lifespan
Experiment 3 compared the control diet (SBD) (0 μg GAE/kcal) against 4 mL of PFJ (930 μg GAE/kcal diet) incorporated into that same diet, using a stock solution of PFJ (19,000 mg GAE/L). In addition, three other diets supplied major fractions of PFJ as dried powder having different GAE contents, i.e. 284 mg F1/kg diet (providing shikimic acid and soluble fibre with only trace μg GAE/kcal diet); 284 mg F5/kg diet (providing p-hydroxybenzoic acid and 654 μg GAE/kcal diet), and 284 mg F7/kg diet (providing caffeoylshikimic acid and 1055 μg GAE/ kcal diet). The fruit fly feeding regimen for Experiments 1 and 2 were repeated for Experiment 3.
To assess survival of adult flies related to PFJ intake, eclosed male fruit flies from Experiment 3 (n = 20) were allowed to age on the control diet (SBD) (without PFJ or its fractions and without yeast flakes sprinkled on top) for 90 days for analysis of adult lifespan assessed every ten days for comparison of the larval diets on survival. In essence, this provided an estimate of how the impact of PFJ and its fractions during larval development ultimately affected the survival rate of the eclosed fruit flies fed the control diet (SBD) until death, specifically testing the hypothesis that slowed larval growth and development observed in Experiments 1 and 2 would favour lifespan extension.
Experiment 4: gene expression studies
The control group of larvae (n = 20) was exposed to the control diet (SBD) alone, while the treatment group larvae (n = 20) was exposed to that same diet with PFJ added (4 mL PFJ from 19,000 mg GAE/L stock solution providing 930 μg GAE/kcal diet) for five days of larval growth from the egg stage. Upon completion of the feeding regimen, whole fruit fly larvae (n = 10) or extracted larval fat bodies (n = 10) from each diet group were snap-frozen in liquid nitrogen and stored at −80°C until the total RNA was extracted for gene expression analysis. Both whole fruit fly larvae and larval fat bodies were assessed because the fat body is an important organ in Drosophila nutrition and lifespan determination, and it was important to identify whether specific gene expression changes in this organ could be differentiated from those observed with the whole larvae in general.
Experiment 5: CAFÉ gustatory assay for diet preference
To determine if the slightly bitter sweet flavour of PFJ was deterring flies from laying eggs at high PFJ intakes (Experiment 2), which by extension might also deter the larvae from consuming diet to cause unintended caloric restriction during growth, two feeding experiments examined diet preferences in flies by applying the capillary feeding (CAFÉ) gustatory assay (Ja et al., 2007; Peng et al., 2012; Piegholdt et al., 2016; Wang et al., 2015) . Each 40 mL stock vial contained five separate calibrated 5 μL microcapillary pipettes (Drummond Scientific Company, Broomall, PA) containing the liquid diets under study, representing five possible food choices for the 24-hour fasted flies. Diet intake was essentially measured as the disappearance in mm of fluid from the calibrated capillary tubes, then converted to volume (1 mm = 90 nL) consumed per fly. In Experiment 5A, adult male and female flies were fasted at 19 days old and set up with 20 flies per vial and six vials for each gender (n = 120 flies/gender and diet) or n = 240 total flies. Each vial included the five capillary food tubes inserted along the sides, with the capillary tubes containing 1) 10.5% dextrosewater solution as the control; 2) 10.5% dextrose + 4 mL PFJ as a 4% v/ v solution (2.13 mg GAE/kcal); plus 3) additional 10.5% dextrose solutions providing three different polyphenols as curcumin (2.9 mg GAE/ kcal), bergamot (2.4 mg GAE/kcal) or green coffee bean powder (0.32 mg GAE/kcal). After 30 min of meal exposure, the mm of each solution consumed in the five capillary tubes per vial was recorded, converted to volume, and compared to each other as the sum of all five CAFÉ capillary tubes per vial. In Experiment 5B (larvae fed PFJ), flies had been raised on graded levels of PFJ incorporated into the control diet (SBD) as larvae (as 0, 2, 3, 4, 6 and 8 mL of PFJ per 100 mL diet), and were fasted 24 h at 31 days old before being allowed to engorge during 30 min of five CAFÉ exposures identical to that in Experiment 5A.
Microarray gene expression analysis for Experiment 4
Total RNA was extracted from frozen whole fruit fly larvae (n = 3 per control and test diet containing three to four larvae each) and larval fat bodies (n = 2 per diet containing five fat bodies each) via the silica-membrane extraction column method by using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA). This was preceded by grinding in liquid nitrogen using mortar and pestle. Yield and purity of the total RNA samples obtained were assessed using the NanoDrop 1000A Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Integrity of the total RNA samples was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and Agilent RNA 6000 Nano Chip Assay Kit (Agilent Technologies, Santa Clara, CA).
Total RNA samples which were of high yield, purity and integrity were amplified using the GeneChip WT PLUS Reagent Kit (Affymetrix, Santa Clara, CA) from 100 ng of total RNA according to manufacturer's instructions. Following fragmentation and labelling, 3.5 μg of singlestranded cDNA was hybridised for 16 h at 45°C on Drosophila Gene 1.0 ST Array (Affymetrix, Santa Clara, CA) in the GeneChip Hybridization Oven 640 (Affymetrix, Santa Clara, CA). The GeneChips were then washed and stained in the Affymetrix GeneChip Fluidics Station 450 (Affymetrix, Santa Clara, CA) according to the manufacturer's instructions. Following this, the GeneChips were scanned using the Affymetrix GeneChip Scanner 3000 (Affymetrix, Santa Clara, CA). The raw gene expression data obtained are available at Gene Expression Omnibus (Edgar et al., 2002 ) (Accession number: GSE93222).
Data normalisation, quality control of the hybridisation and principal component analysis were performed with the Affymetrix Expression Console 1.4.0.38 software (Affymetrix, Santa Clara, CA), by using the default gene level RMA-Sketch processing algorithm. To identify differentially expressed genes, the Affymetrix Transcriptome Analysis Console 2.0.0.9 software (Affymetrix, Santa Clara, CA) was used. Gene level differential expression analysis was performed according to the default algorithm of the software, with genes having one-way unpaired between subject ANOVA p values < 0.05 and fold changes > |1.30| considered differentially expressed. As only two groups i.e. control and treatment were compared, the one-way unpaired between subject ANOVA statistical analysis carried out was essentially a simple t-test. Two-way (gene and sample) hierarchical clustering of the significant genes was then carried out to ensure that the replicates of each condition were clustered to each other.
Functional enrichment analysis to assess changes in gene ontologies (biological processes) was then performed using the GO-Elite software (Zambon et al., 2012) . The GO-Elite software ranks gene ontologies based on the hypergeometric distribution. Gene ontologies considered significantly changed had permuted p values < 0.05, numbers of genes changed ≥2 and Z scores > 2. Genes up-and down-regulated were analysed separately for each set of microarray data from whole fruit fly larvae and larval fat bodies in this functional enrichment analysis.
In addition, changes in regulatory networks were analysed using the Pathway Studio software (Elsevier B.V., Amsterdam, Netherlands). A network graphically represents the molecular relationships between genes or gene products, which are represented as nodes, while the biological relationships between the nodes are represented as edges. Nodes are displayed using various shapes that represent the functional class of the gene product, while edges are displayed with various patterned lines that describe the nature of the relationship between the nodes. Fruit fly (Drosophila melanogaster) genes were first mapped onto human (Homo sapiens) orthologues using Entrez gene identifiers. The Network Builder Advanced Direct Interactions Tool was then used to plot out regulatory networks of mapped genes. Genes up-and downregulated were analysed separately for each set of microarray data from whole fruit fly larvae and larval fat bodies in this network analysis. After removing unconnected entities, the Localisation by Plain Membrane Layout was selected to display the regulatory networks in their related organelles.
Real-time qRT-PCR validation for Experiment 4
Two-step real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was conducted by using the custom RT 2 Profiler™ PCR Arrays (Qiagen, Inc., Valencia, CA) (Catalogue ID: CLAD22265), which are SYBR Green-optimised primer assays, to validate the obtained microarray data. This was performed on 40 differentially expressed target genes of interest and 5 reference genes (Table 2) , which were selected based on the microarray data analysis carried out. The same aliquots of total RNA samples utilised in the microarray experiments were used for this real-time qRT-PCR validation. The RT 2 SYBR Green qPCR Mastermix (Qiagen, Inc., Valencia, CA) was also used for the assays. Briefly, first-strand cDNA was generated from total RNA via reverse transcription using the RT 2 First Strand Kit (Qiagen, Inc., Valencia, CA).
The first-strand cDNA generated was used for real-time PCR, performed using a 25 μL reaction volume in a silver block Mastercycler® ep realplex 4S (Eppendorf, Hamburg, Germany) with the following conditions: 95°C, 10 min, 1 cycle; 95°C, 15 s and 60°C, 1 min, 40 cycles. For the determination of melting curves, the following conditions were used: 95°C, 15 s, 60°C, 15 s, 60°C to 95°C at 26% ramp, 20 min and 95°C, 15 s, 1 cycle. Reactions for each biological replicate were conducted in technical duplicates. Real-time qRT-PCR data extraction and initial analysis were performed using the Mastercycler® ep realplex software (Eppendorf, Hamburg, Germany). A manual threshold of 200 and an automatic baseline were applied to obtain the threshold cycle (Ct) for each measurement. Relative quantification of the target genes of interest was carried out using the GenEx 4.3.6 software (MultiD Analyses AB, Sweden). The data analysis took into account calculations using multiple housekeeping genes, in which the expression levels of target genes were normalised to the geometric mean of the three most stable reference genes, chosen from the five tested (Table 2) using the geNorm (Vandesompele et al., 2002) and Normfinder (Andersen et al., 2004) analyses available in the GenEx 4.3.6 software (MultiD Analyses AB, Sweden). For the whole larvae dataset, CG17266, Cyp33 and RpLP0/ CG15117, reference genes were used to normalise the target genes. On the other hand, for the fat bodies dataset, CG15117, Cyp33 and RpLP0 reference genes were used. Statistical analysis on the relative gene expression levels obtained was conducted by using the two-tailed unpaired Student's t-test in the Microsoft Excel software (Microsoft Corporation, Redmond, WA) and differences with p values < 0.05 after correction for multiple testing using the Benjamini-Hochberg method at a false discovery rate of 0.05 (McDonald, 2014) were considered statistically significant.
Results

PFJ dose-dependently delayed pupation but not eclosion of fruit fly larvae
In Experiment 1, high doses of PFJ (≥4 mL providing ≥1072 μg GAE/kcal diet) impacted egg-laying (Table 3 ) and thus revealed that high concentrations of PFJ in the diet caused normal healthy females, which were experiencing the extract for the first time, to avoid laying eggs in the media. Also, the larval size and motility decreased at the highest concentration of PFJ given (12 mL providing 3216 μg GAE/kcal diet).
In addition, larvae fed all diets with PFJ showed delayed pupation. This was indicated by the day on which maximum percentage of pupation was achieved, and further scored as the average day of pupation per diet. Larvae fed the control diet (SBD) had an average maximum percentage of pupation on day 7, while those fed diets with PFJ doses between 2 mL to 8 mL (536 μg to 2144 μg GAE/kcal diet) achieved this one to two days later, up to day 9 on 8 mL PFJ (2144 μg GAE/kcal diet) and 12 mL PFJ (3216 μg GAE/kcal diet), hence indicating a pupation delay of up to 2 days depending on the PFJ dose. The actual number of pupae produced per vial also decreased at doses above 2 mL PFJ (536 μg GAE/kcal diet). This was reflected in the percentages of pupae from eggs, with 2 mL producing the greatest percentage, even more than the control diet (SBD) group. The delay in pupation suggests that larvae growth and development were slowed by the addition of PFJ.
The eclosion percentages per day also followed the pattern for pupation percentages per day, with increasing doses of PFJ delaying the eclosion process in tandem with the delay in pupation. Furthermore, the total number of eclosed flies per vial and the percentages of eclosed flies from eggs adhered closely to the pupation rate. This implies that PFJ did not alter the transition from pupae to eclosed flies, but only affected the developmental period of larval growth from eggs. The percentages of eclosed flies from pupae were rather consistent and more Table 2 Target and reference genes selected for the real-time qRT-PCR validation of the microarray datasets for whole fruit fly larvae and larval fat bodies (Experiment 4).
The 40 target genes were selected for qRT-PCR as they were differentially expressed between the control and treatment groups (p < 0.05) and showed the highest fold changes, based on the microarray analysis carried out. Five candidate reference genes were also chosen for expression stability testing between the control and PFJ supplemented groups, with the three most stable ones being finally selected for relative quantification of the target genes in each of the datasets for whole fruit fly larvae and larval fat bodies.
Gene symbol
Gene name RT 2 Profiler™ PCR Arrays gene catalogue number
Target genes for whole fruit fly larvae Lcp65Ab1 CG32400 gene product from transcript CG32400-RA PPD11246A Lcp9
Larval cuticle protein 9 PPD05819A CG7296 CG7296 gene product from transcript CG7296-RB PPD02913A CG9090 CG9090 gene product from transcript CG9090-RA PPD05260A CG17105 CG17105 gene product from transcript CG17105-RA PPD02910A TpnC47D
Troponin C at 47D PPD04323A Lcp65Ac CG6956 gene product from transcript CG6956-RA PPD06425A CG11300 CG11300 gene product from transcript CG11300-RA PPD05649A Ac76E
Adenylyl cyclase 76E PPD07685A
CG4950 gene product from transcript CG4950-RC PPD07332A
Target genes for Larval Fat Bodies CG17105 CG17105 gene product from transcript CG17105-RA PPD02910A Hsp70Bb
Heat shock protein 70Bb PPD11262A Hsp70Bbb CG5834 gene product from transcript CG5834 RA PPD11327A Hsp70Ab
Heat shock protein 70Ab PPD11030A CG34244 CG34244 gene product from transcript CG34244-RB PPD13444A Hsp70Ba
Heat shock protein 70Ba PPD11031A Hsp68
Heat shock protein 68 PPD09955A Dro5
Drosomycin 5 PPD06177A CG16704 CG16704 gene product from transcript CG16704-RA PPD02185A CG13641 CG13641 gene product from transcript CG13641-RA PPD10059A Nplp4
Neuropeptide-like precursor 4 PPD11384A CG16713 CG16713 gene product from transcript CG16713-RA PPD02187A CG6870 CG6870 gene product from transcript CG6870-RA PPD03423A CG8157 CG8157 gene product from transcript CG8157-RA PPD04762A CG7567 CG7567 gene product from transcript CG7567-RA PPD10487A CG7017 CG7017 gene product from transcript CG7017-RB PPD07715A CG14945 CG14945 gene product from transcript CG14945-RB PPD03040A CG5404 CG5404 gene product from transcript CG5404-RA PPD09154A Slbo Slow border cells PPD05752A CG8492 CG8492 gene product from transcript CG8492-RD PPD06560A
Reference genes for whole fruit fly larvae and larval fat bodies CG15117 CG15117 gene product from transcript CG15117-RA PPD05171A CG17266 CG17266 gene product from transcript CG17266-RA PPD03818A Cyp33
Cyclophilin 33 PPD04989A RpL13A
Ribosomal protein L13A PPD08119B RpLP0
Ribosomal protein LP0 PPD07925B or less 100%. This reaffirms that PFJ did not negatively impact eclosion and that almost all its effect on fruit flies centred on the development of larvae. These results also imply that the metabolic impact was non-toxic and spanned a wide range, at least across a four-fold intake (536 μg to 2144 μg GAE/kcal diet).
Because the highest concentration of PFJ (12 mL providing 3116 μg GAE/kcal diet) significantly affected almost all of the parameters measured in Experiment 1, the experiment was repeated by excluding this dose in Experiment 2. However, another low PFJ dose (3 mL providing 804 μg GAE/kcal diet) was introduced to clarify the PFJ dose to be used in further experiments.
Experiment 2 results were similar to Experiment 1 in that the average number of eggs per vial decreased at PFJ doses above 3 mL (Table 4 ). In addition, larvae fed the 2 mL and 3 mL PFJ diets tended to have the lowest motility when compared to the other groups. A notable delay by a day or two in the average maximum percentage of pupation was observed for diets with > 4 mL PFJ. Similar to Experiment 1, the number of pupae and the percentages of pupae from eggs depended somewhat on the number of eggs laid. The control diet (SBD) group had the greatest number of pupae, but the percentage of pupae from eggs was substantially depressed at 8 mL PFJ, suggesting that dose was too great for best viability. The eclosion percentages on any given day followed the pupation profile, with eclosion delayed by one or two days at doses above 4 mL PFJ. The number of eclosed flies peaked at 3 mL PFJ and decreased at higher concentrations of PFJ. Again, once larvae developed into pupae, almost all eclosed into flies, especially with PFJ treatment, confirming that PFJ primarily affects larval growth, with essentially no evidence that it influenced eclosion rate from pupae in either time required or maturation dynamics in the eclosion process.
It is noteworthy that in neither Experiment 1 nor Experiment 2 was a difference in eclosed fly gender encountered (data not shown), which suggests that PFJ was not differentially targeting male or female larvae. This result is important for interpreting the transcriptome data (Experiment 4) and the peculiar divergence in PFJ preference by gender seen later in the CAFÉ study with adult flies (Experiment 5A).
Eclosed male fruit flies fed PFJ or its fractions during the larval stage showed improved survival over controls
As PFJ doses between 0 mL to 4 mL allowed for normal rates of pupation, while PFJ doses between 6 mL to 8 mL delayed pupation by one to two days in Experiment 2, we conducted Experiment 3 with 4 mL PFJ as the test dose and compared its effect with three of its major fractions, i.e. F1, F5 and F7, which mainly contain shikimic acid and soluble fibre, p-hydroxybenzoic acid and caffeoylshikimic acid respectively. In Experiment 3, 4 mL PFJ was the only diet where fruit fly larvae pupated a majority on day 7 (Table 5) . Larvae on all the other diets pupated mostly on day 8, with those on F7 pupating almost equally between days 7 and 8. The eclosion percentages were similar to the pupation percentages. The percentages of eclosed flies from pupae were consistent across treatments, with almost all pupae eclosing into flies, again supporting the notion that PFJ has its effect during larval growth and development only, with no detectable effect afterwards. In addition, eclosed male fruit flies fed PFJ or its fractions during the larval stage, then allowed to age on the control diet (SBD) without PFJ or its fractions and without yeast flakes for 90 days, tended to have 20-40% improved survival ratings over controls (Fig. 2) . After day 60, fruit flies fed F1 PFJ during the larval stage appeared to demonstrate the greatest longevity.
3.3. PFJ supplementation regulated hormetic stress response genes linked to ageing and longevity As PFJ supplementation affected only the larval to pupal stage of the fruit fly life cycle in the first 3 experiments, Experiment 4 was conducted to identify the transcriptomic effects of PFJ that occurred during the larval growth period, especially between days 2 to 6. As such, fruit fly larvae were fed the control diet (SBD) or the same diet supplemented with 4 mL PFJ for five days to compare gene expression dynamics in whole larvae or their fat bodies at the growth peak and at least a day before the earliest pupations would be expected to occur. Microarray gene expression analysis on whole fruit fly larvae revealed that compared to controls, 127 genes were up-regulated while 67 were down-regulated in PFJ supplemented larvae, when cut off values of fold changes > |1.30| and p values < 0.05 were applied (Table 6 ). Functional enrichment analysis of these differentially expressed genes on gene ontologies (biological processes) using the GOElite software (Zambon et al., 2012) showed that transport and metabolic processes were up-regulated, while development and morphogenesis processes were down-regulated (Table 7) . Regulatory network analysis using the Pathway Studio software (Elsevier B.V., Amsterdam, Netherlands) revealed that for the whole fruit fly larvae data, 35 out of the 127 up-regulated genes could be mapped onto human orthologues, but no relationships between these mapped genes could be identified. On the other hand, 22 out of 67 down-regulated genes could be mapped onto human orthologues, and 6 relationships were identified between the mapped genes, with 15 unconnected entities removed (Fig. 3A) . Among the genes plotted in the regulatory network, the MTOR (mechanistic target of rapamycin) or Tor (target of rapamycin) gene appeared most important. The ImpE1 (ecdysone-inducible gene E1) gene was also found significantly down-regulated in whole fruit fly larvae supplemented with PFJ.
Using a similar cut off, microarray gene expression analysis on larval fat bodies showed that 161 genes were up-regulated, while 84 genes were down-regulated following PFJ supplementation, including various heat shock proteins (Table 8) . Functional enrichment analysis on gene ontologies (biological processes) showed that genes involved in defence response and determination of adult lifespan were up-regulated, while Day 9 6 ± 12 2 ± 3 2 ± 3 4 ± 4 6 ± 7 Day 10 0 ± 0 0 ± 0 1 ± 3 0 ± 0 0 ± 0 Average pupation day 8.0 7.2 (−10.0%) 7.8 (−2.5%) 7.6 (−5.0%) 7.5 (−6.2%) Total pupae per vial 23 ± 12 23 ± 10 24 ± 14 25 ± 14 34 ± 22 % eclosion
Day 11 cell cycle and growth genes were down-regulated (Table 9 ). For these larval fat bodies data, regulatory network analysis showed that 53 out of 161 up-regulated genes could be mapped onto human orthologues, and 13 relationships were identified between the mapped genes, with 27 unconnected entities removed (Fig. 3B ). The SOD (superoxide dismutase) or Sod2 (superoxide dismutase 2) gene appeared to be one of the nodes plotted in this regulatory network. It is also interesting to note that the fold changes for these nodes were not especially high (i.e. < 2), while the fold changes of the heat shock proteins were mostly above 2. This might reflect the amplification cascades of signal transduction processes. On the other hand, 35 out of 84 down-regulated genes could be mapped onto human orthologues, but no relationships between these mapped genes could be identified.
To confirm the microarray results, the expression levels of 40 selected target genes were measured using qRT-PCR. In each set of microarray data from the whole fruit fly larvae and larval fat bodies, three reference genes out of the five tested were selected to normalise the expression values of the target genes. The directions of fold changes of the target genes obtained from the real-time qRT-PCR technique as quantified by the using the GenEx 4.3.6 software (MultiD Analyses AB, Sweden) were comparable to those obtained from the microarray technique ( Fig. 4A and B) , indicating that the microarray results were valid.
PFJ did not reduce food intake of adult fruit flies
When adult flies at 19 days were offered the choice of a control dextrose solution, the 4 mL PFJ diet, along with each of three other polyphenols at comparable GAE concentrations (Table 10 ; Experiment 5A), the average consumption of the control dextrose solution and the three other polyphenols was similar at 45-55 nL/fly/30 min, while the choice of PFJ was 73% greater in males (79 nL) and 175% greater in females (120 nL) than the average intake of the control dextrose solution (45 nL for both genders). Alternatively, 54 nL was the average consumption/fly/30 min in males for each of the three other polyphenols (range 51-62 nL). The preferential consumption of PFJ by females is interesting in light of the fact that curcumin was found to be more lifespan-protective in females than males, although no food intake preference for curcumin between genders was assessed (Soh et al., 2013) .
In the second assay (Table 10; Experiment 5B) where 31-day-old flies were followed as adults from the specific larvae fed the control diet (SBD) or that same diet supplemented with up to 8 mL of PFJ, the diet intake results (as nL/fly/30 min) for adult flies were surprisingly similar to Experiment 5A, despite the different background feedings of the larvae. This suggests larval exposure to PFJ had an undetectable influence on adult fly food consumption. As the eclosed number of flies decreased at higher larval intakes of PFJ, fewer of those flies were available for CAFÉ comparison. This proved important because it was apparent that the overcrowding of vials and altruistic behaviour of the flies (e.g. n = 34 versus n = 3 at the extremes) caused substantial reductions in CAFÉ consumption/fly. However, despite this discrepancy, males and females overall consumed about the same average intakes per diet group, and these diet trends followed those in Experiment 5A. Thus, adult female flies preferred the PFJ more than twice the amount for any other choice among the five diet offerings. The point is that in all cases the 4 mL PFJ solution was accepted as well or better than the control dextrose solution or other polyphenols in the CAFÉ gustatory assay, suggesting that the tendency for slower larval motility and growth associated with 4 mL PFJ was not likely an effect of reduced diet preference or consumption. To the contrary, it would appear that the mass of PFJ consumed (not inappetence) may have caused the reduced larval growth rates at high intakes, although no obvious difference in media consumption was noted among larval diet groups.
Discussion
Larval fruit fly as a model for ageing/longevity studies
The laboratory fruit fly, Drosophila melanogaster, has been a model for ageing studies for almost a century due to ease of culturing, maintenance and manipulation, as well as its short life cycle and lifespan (Tower, 2011) . Additional fruit fly advantages for ageing experiments include its adult composition, which consists almost entirely of postmitotic fully differentiated cells (except for cells in the gonad and some in the gut), as well as its life cycle which is divided into distinct morphological stages, i.e. embryo, larva, pupa and adult (Helfand and Rogina, 2003) . Before emerging as adults, virtually all the body growth of Drosophila occurs in the larval stage (Grewal, 2012) .
Accumulating evidence supports the idea that a stimulus or insult at a sensitive or critical period of development has long-term effects. This phenomenon known as foetal programming was first propounded by Dr. Barker (Barker et al., 1989; Barker, 2004) . Current scientific evidence unambiguously underscores the fact that the intrauterine environment to which a foetus is exposed has long-term impact on health. Several of the major diseases including type 2 diabetes, hypertension and coronary heart disease have been linked with impaired intrauterine growth and development. Also, growing more slowly can increase longevity, as there is a trade-off between growth rate and other functions related to body state and later life senescence . The rate of ageing is a genetically influenced feature of an organism's life history that responds to selection on lifespan. Rapid early development leads to accelerated ageing, presumably by influencing certain quality aspects of adults, such as the immune system and macromolecular repair Fig. 2 . Survival chart of eclosed fruit flies (n = 20) depicting how PFJ or its fractions during larval development ultimately affected the survival rate of the subsequently eclosed fruit flies. Once eclosed, adult flies were fed the control diet (SBD) until death (Experiment 3). At day 60, fruit flies consuming any of the PFJ diets as larvae had higher survival rates than those in the control (SBD) group. After day 60, fruit flies that received F1 PFJ as larvae appeared to demonstrate the slowest senescence and the best longevity curve. (Ricklefs, 2006) . It was thus the aim of this research to understand if nutritional programming by supplementation with PFJ at the developmental stage would have positive effects on adult health, by using larval Drosophila as a model.
It is common from a practical sense, especially in humans, to administer experimental pro-longevity compounds during adulthood. However, in a model organism such as Drosophila, where more definitive questions can be tested, longevity extension by feeding diet supplemented with these compounds throughout adulthood may be ineffective. Curcumin, for example, has been shown to have no positive effects when administered over the entire fruit fly adult lifespan or during the senescent stage only. On the other hand, beneficial effects were observed when the compound was administered in the larval (developmental) or young adult (health span) stages (Soh et al., 2013) . As such, experiments designed to identify pro-longevity compounds should be designed to amplify this potential and take this stage specificity into account. Early-life nourishment exerts long-term influences upon adult physiology, disease risk and lifespan. Dietary yeast restriction during Drosophila development at the larval stage, for example, has induced long-term changes in adult triglyceride storage, xenobiotic resistance and lifespan. It has also extended lifespan even when adults were switched to a high-yeast diet (Stefana et al., 2017) . In contrast, longevity obtained via adult-onset dietary restriction is largely reversible upon switching to a non-restricted diet (Mair et al., 2003) . As 'prevention is better than cure', by altering the larval diet and ascertaining the effects in adults, selective pressures acting on the pre-adult phase to alter adult traits can be identified. For instance, one-time supplementation of Aloe vera or resveratrol in larval diet was found to delay adult ageing in the fruit fly through modulation of antioxidant enzymes as well as better neuroprotection, and this has been suggested to be enough for mimicking continuous compound supplementation of adult flies (Chandrashekara and Shakarad, 2011) . In contrast, the lifespan of fruit flies was not affected when they were supplemented with resveratrol during the adult stage, with no changes in body composition, locomotor activity, stress response and longevity-associated gene expression observed (Staats et al., 2018) . 
PFJ delayed fruit fly larval pupation and increased survival of eclosed flies
In the present study, all larvae fed PFJ or its fractions typically showed delayed pupation, but not a prolonged pupal stage leading to eclosion. The survival of eclosed flies (Fig. 2) was also found to be increased when compared to the control (SBD) group, following the larval stage supplementation of PFJ (4 mL providing 1072 μg GAE/kcal diet) and three of its major fractions, i.e. F1, F5 and F7, which contained shikimic acid and soluble fibre, p-hydroxybenzoic acid and caffeoylshikimic acid as their primary components, respectively. These results indicate that the effects of PFJ centred mainly on larval growth and development, and that gene expression changes, which occurred during this stage, might further contribute to the increased survival observed later in life. The nature of the treatment regimen for the present study was also in line with that of Soh et al. (2013) , who reported that curcumin ingestion by fruit flies (at approximately 20 times greater GAE/ kcal than applied in our PFJ-effective dose range of 2-4 mL) was only effective in extending lifespan when supplemented during the larval stage or during the young adult (health stage) in flies.
PFJ affected genes related to ageing in fruit fly and other organisms
Genetic pathways involved with ageing have often linked nutrient intake to costly organismal activities, such as growth, metabolism and reproduction. Evolutionary conservation of the molecular mechanisms involved is at present clearest for the classic nutrient-sensing pathways, which involve the IIS/TOR network (Evans et al., 2011; Fontana et al., 2010; Gems and Partridge, 2013; Kenyon, 2010; Partridge, 2010) . Cellular detoxification pathways, increased autophagy and altered protein synthesis have been associated with increased lifespan from reduced IIS/TOR activity, while the role of defence against oxidative stress is an unresolved issue (Partridge et al., 2011) . A breakthrough in ageing research has come from the discovery that single gene mutations can extend the healthy lifespan of laboratory animals. Mutants with increased longevity in Drosophila, for example, have been previously described, with many displaying increased thermotolerance and stress resistance (Chavous et al., 2001; Rogina et al., 2000) . In addition, a number of non-genetic interventions are also known to affect lifespan in Drosophila. Normal-lived Ra strain fruit flies for example, can be induced to express a robust, extended health span or lifespan increase via several non-genetic interventions, including methionine restriction (Lee et al., 2014) , phytochemicals such as curcumin (Soh et al., 2013) , exercise (Piazza et al., 2009 ) and caloric restriction (Soh et al., 2007) , in addition to genetic interventions (Arking et al., 2002) .
Whole larvae: down-regulation of Tor-related regulatory network
In the present study, microarray gene expression analysis on whole fruit fly larvae supplemented with PFJ revealed that development and morphogenesis processes were down-regulated compared to controls, with the down-regulation of a regulatory network involving the MTOR or Tor gene being most prominent. It is also important to emphasise that the regulatory networks plotted by the Pathway Studio software (Elsevier B.V., Amsterdam, Netherlands) in the current study were analysed using human gene orthologues of fruit fly genes identified as significantly regulated. As such, the results obtained from the regulatory network analysis could be further extrapolated and are likely relevant to humans.
The TOR signalling pathway is an attractive candidate for study with respect to ageing, as it has the potential to affect various processes having a major impact on growth. TOR belongs to a conserved group of serine/threonine kinases from the phosphatidylinositol kinase-related kinase family, and it plays a key role in connecting nutrients to anabolic processes and growth (Blagosklonny, 2006; Demidenko and Blagosklonny, 2008) . Nutrients in general activate the nutrient-sensing TOR pathway, while their restriction or lack deactivates it. The TOR pathway is emerging as a key regulator of lifespan and health span in various species (Katewa and Kapahi, 2011) , whereas an overactive TOR pathway has been linked to various chronic diseases such as cancer, type 2 diabetes, age-related macular degeneration, obesity, atherosclerosis and neurodegeneration, all of which limit lifespan (Inoki et al., 2005; Tee and Blenis, 2005 elegans (Vellai et al., 2003) , Drosophila melanogaster (Bjedov et al., 2010; Kapahi et al., 2004 ) and mice (Harrison et al., 2009) . To decipher the mechanism by which TOR signalling works in ageing, it would be helpful to identify potential drug targets for agerelated diseases and healthful lifespan extension . TOR stimulates translation, inhibits autophagy, drives cellular hyperfunction as well as causes signalling resistance, and decreased TOR signalling correlates with oxidative stress resistance (Blagosklonny, 2008) . As reviewed by Evans et al. (2011) , at least four consistent effects were observed due to reduced TOR signalling, i.e. up-regulated mitochondrial oxidative phosphorylation, autophagy initiation, increased resistance to oxidative stress and improved cell protective metabolic response (Evans et al., 2011) . As such, down-regulation of the Tor gene observed in whole fruit fly larvae supplemented with PFJ would help explain the observed prolonged larval phase encountered in Experiments 1 and 2, as well as the increased survival of eclosed male fruit flies supplemented with PFJ or its fractions during the larval stage in Experiment 3 of the present study.
In Drosophila, two key endocrine systems coordinate growth and development, i.e. Drosophila insulin-like peptides (dILPs) and a moultenhancing hormone called ecdysone. As with insulin-like peptides, ecdysone production is controlled by dietary nutrients (Layalle et al., 2008) , but is produced in the prothoracic glands. In the present study, although we did not identify any dILPs being differentially expressed in whole fruit fly larvae, the ImpE1 (ecdysone-inducible gene E1) gene was found significantly down-regulated. Interestingly, reduced TOR activity has been shown to reduce ecdysone production from the prothoracic glands, which further extend the end of larval development that coincides with the commitment to pupariation (Layalle et al., 2008) . As such, the down-regulation of the Tor gene by PFJ supplementation might have lowered ecdysone activity as well.
Fat bodies: up-regulation of heat shock proteins and Sod2-related regulatory network
In Drosophila, the brain, the fat body and the germ line are important in lifespan determination (Partridge et al., 2011) . The fat body of an insect functions to store and release energy in the larval stages in response to the energy demands of the insect, including periods of starvation, metamorphogenesis and oogenesis, with lipid being its major component (Arrese and Soulages, 2010) . The Drosophila fat body is S.-S. Leow et al. Experimental Gerontology 106 (2018) 198-221 equivalent to the mammalian liver and white adipose tissue in combination. It is a key nutrient-sensing organ that acts as a buffer between fluctuating nutrient conditions and the internal organs. In addition, the fat body functions as an important endocrine organ which signals the nutritional status of the fruit fly to its other tissues (Grewal, 2012) . Because PFJ affected mainly the Drosophila larval stage in the present study and because the fat body is important in Drosophila nutrition and lifespan determination, the fat body was analysed independently for microarray gene expression to compare how it fared relative to whole larvae analysis.
Based on the list of genes found significantly regulated in the larval fat bodies, we first noticed that various heat shock proteins were upregulated following PFJ supplementation. A search in the Human Ageing Genomic Resources at http://genomics.senescence.info/ (Tacutu et al., 2013) revealed that many of these heat shock proteins are related to pro-longevity in Drosophila (de Magalhaes et al., 2009).
Heat shock proteins are defined by their ability to bind to denatured proteins and alter the folded structure of other proteins, as well as by the induction of their expression in response to stresses that cause protein denaturation, such as heat and oxidative stress (Morimoto, 2008; Morrow et al., 2006) . There are several possible mechanisms by which heat shock proteins may act to increase lifespan. By mediating either protein refolding or degradation, heat shock proteins counteract proteotoxicity and favour stress resistance. These functions of the heat shock proteins may underlie their ability to favour lifespan and counteract ageing-related malfunction (Morrow and Tanguay, 2003) . In addition to their role in response to global protein damage, heat shock proteins have more specific targets and are involved in regulating pathways that are central to ageing phenotypes (Tower, 2009) . These include suppressing mutations, suppressing apoptosis and causing other favourable gene expression changes (Tower, 2011) . The expression of heat shock proteins also correlates with and sometimes predicts lifespan, making them among the best known biomarkers of ageing in Drosophila and other animals (Johnson, 2006) . Chemicals such as histone deacetylase inhibitors produce correlated increases in heat shock protein gene expression and increase lifespan, while mutation of heat shock proteins can reduce adult Drosophila survival (Kang et al., 2002; Zhao et al., 2005) . In the present study, Pathway Studio analysis also showed that a regulatory network related to SOD or Sod2 was up-regulated in the larval fat bodies following PFJ supplementation. Previous studies have shown that the expression of SOD is sufficient to extend the lifespan of Drosophila (Sun et al., 2002) and overexpression of transgenic human SOD in the motor neurons in ten different Drosophila genotypes was found to increase their lifespan, with the effect being genotype-specific and sex-specific (Spencer et al., 2003) . Overexpression of Sod2 in adult Drosophila has also been shown to increase mean and maximal lifespan by 20%, with alterations in carbohydrate metabolism and electron transport genes (Curtis et al., 2007) . In the present study, we found that eclosed male fruit flies, fed either PFJ or its fractions as larvae, tended to show 20-40% improvement in survival ratings over controls. Lifespan extension by Sod2 does not appear to involve an oxidative stress related mechanism, although it is possible that diminished thermotolerance or other types of hormesis may contribute to such an effect (Curtis et al., 2007) . Other phytochemicals which have been found to up-regulate Sod genes were anthocyanin-rich cranberry extract, blueberry extract, sesamin and anthocyanin-rich black rice extracts, all of which prolonged the mean lifespan of fruit flies by 10%, 10%, 12% and 14% respectively Wang et al., 2015; Zuo et al., 2012; Zuo et al., 2013) .
Whole larvae versus fat bodies
The fat body in a Drosophila larva is a single organ that runs its entire length. It has functions in nutrient sensing, energy storage, endocrine regulation and immune response. The fat body detects spikes in dietary nutrients present in the gut and its fat cells up-regulate TOR signalling to release signals, including the leptin-like hormonal cytokine named Unpaired 2 to the brain for growth regulation (Rajan and Perrimon, 2012) . It can also overexpress the IIS-related dFOXO (Drosophila forkhead transcription factor) (Hwangbo et al., 2004) to positively modulate dILP6 expression, which affects Drosophila longevity (Bai et al., 2012) . As such, while other larval organs such as the gut, muscle and brain could have also been sampled for gene expression analysis in the present study, the fat body appears to be most important in terms of primary nutrient sensing in Drosophila larvae. In addition, larval fat cells are refractive to autophagic cell death that removes most of the larval cells during metamorphosis and are thought to persist into the adult stage, allowing easy access to energy storage for starvation resistance (Aguila et al., 2007) . Thus, the microarray gene expression analysis on larval fat bodies conducted in the present study served in part to distinguish between the transcriptomic effects of PFJ supplementation on this organ and those observed for whole fruit fly larvae in general.
The microarray gene expression analysis conducted on both whole fruit fly larvae and larval fat bodies in the present study revealed separate, but complementary results. Although more genes were up-regulated rather than down-regulated in the group supplemented with PFJ in both cases, the genes regulated in the two sources differed and had dissimilar functions. For example, it is noteworthy that several important genes related to Drosophila lifespan determination were regulated by PFJ supplementation, including the down-regulated nutrientsensing Tor gene in whole larvae, as well as the up-regulated heat shock protein genes and the antioxidant enzyme Sod2 gene in fat bodies. Therefore, it proved important to have examined both whole larvae and fat bodies in the present study, so as to gain synergistic insights into the gene-regulated processes affected.
The genes found differentially expressed in whole fruit fly larvae could represent transcripts either in the larval gut, muscle or brain. Although fat bodies are a part of whole larvae, gene expression in fat bodies might have been obscured or missed if we had only assessed total whole larval transcripts, i.e. fat body tissue-specific expression might be masked by transcripts that were more prominent or altered in other larval organs. Two points are noteworthy. First, fat body transcripts are key regulators of fly metabolism; and second, other organs should be isolated for gene expression in addition to fat bodies in order to dissect organ-specific mechanisms of PFJ function. For example, muscle cells in the larvae also up-regulate PI3K signalling to release signals to the brain to increase feeding behaviour. In response to these signals, the larval brain releases dILPs locally and into the haemolymph to help regulate larval growth (Chell and Brand, 2010; Colombani et al., 2003; Geminard et al., 2009; Sousa-Nunes et al., 2011) . Whether PFJ affects the gene expression of these other organs is an important question.
PFJ as a holistic caloric restriction mimetic agent?
Dietary restriction in Drosophila, either by total food restriction (Clancy et al., 2002; Mair et al., 2003; Rogina et al., 2002) , or yeast reduction in the food (Kapahi et al., 2004; Mair et al., 2005) , robustly extends lifespan of adult flies. Soh et al. (2013) showed that curcumin treatment in fruit fly was only effective in extending lifespan when supplemented during its larval stage as well as during its young and midlife stage, but not during its late stage or throughout its lifetime, presumably due to the availability of stage-specific target molecules to be affected, including TOR. Incidentally, inhibition of TOR signalling was initially proposed to extend lifespan by mechanisms overlapping caloric restriction Katewa and Kapahi, 2010) .
To evaluate the possibility that PFJ had an adverse impact on food intake that might influence larval development negatively, this idea was tested indirectly with the CAFÉ feeding paradigm in adult flies. In essence, Experiment 5A demonstrated that adult flies raised as larvae on the control diet (SBD) did not reduce their intake of PFJ relative to the control 10.5% dextrose solution or to the three other common polyphenols fed as supplements in that solution. In each case, PFJ was considerably more acceptable than the control diet (SBD) or any of the other three polyphenolic diet choices, which presumably speaks to the larval preference as well, since they represent the same nervous system at different life stages. It seemed to apply to both genders, with females being even more apt to prefer PFJ. In Experiment 5B, it even appeared that larvae fed the higher levels of PFJ (between 4 and 8 mL) eventually produced adult flies (male and female) that consumed considerably more PFJ when given the opportunity to choose between PFJ and the control dextrose solution or three other polyphenols. However, the fewer flies per vial that resulted from fewer eclosions at high concentrations of PFJ, appeared to bias food intake in adult flies because fewer flies reduced competition for food and increased consumption per fly. The other caveat here is that food consumption by fruit fly larvae fed PFJ does not necessarily reflect the preferential consumption of PFJ recorded by adult flies, and PFJ could have been modified by bacteria that grow in the media as the larva grew. Even if the effect was indirect, the results clearly show that the PFJ concentration in the media reduced larval growth in a linear fashion, and this early event in larval life appeared to exert a post-larval lifespan extension in the adult fly. The extension of lifespan by caloric restriction in diverse species suggests the conservation of a control mechanism for nutrient regulation of ageing. Sirtuins, which are a family of enzymes with protein deacetylase and adenosine diphosphate-ribosyltransferase activity, have been implicated in the determination of organismal lifespan, and may play a role in cell survival, metabolism, reproduction, neuroprotection and cardioprotection (Anastasiou and Krek, 2006; Haigis and Guarente, 2006; Michan and Sinclair, 2007) . Moderate (about threefold) Sir2 overexpression in the fat body can extend median lifespan of Drosophila by about 13% (Hoffmann et al., 2013) . Sir2 overexpression in the nervous system also prolongs fruit fly lifespan (Rogina and Helfand, 2004) . Interestingly, a group of sirtuin activating compounds, known as caloric restriction mimetics, can also promote the survival of human cells and extend the replicative lifespan of yeast (Weindruch et al., 2001) . Anti-diabetic drugs such as metformin have been suggested as potential caloric restriction mimetics (Dhahbi et al., 2005) . Phytochemicals such as resveratrol, reportedly slow ageing in simple eukaryotes and are putative caloric restriction mimetics acting as sirtuin activators, although other mechanisms accounting for their longevity effects are being explored (Kaeberlein et al., 2005a) . In addition, other small molecule activators of sirtuin that are 1000-fold more potent than resveratrol have been recently synthesised for the treatment of type 2 diabetes (Milne et al., 2007) , and phenolic chalcones and flavones are known to be sirtuin activators (Porcu and Chiarugi, 2005) . Phytochemicals have thus become possible caloric restriction mimetics, which are defined as nutraceuticals, pharmaceuticals or hormones that Table 10 Results from CAFÉ gustatory assay for diet preference by male and female adult flies (Experiment 5).
Experiment 5A: All larvae were raised on the control diet (SBD), then adult flies were fed a 10.5% dextrose solution (CAFÉ control) or that solution with 4 mL PFJ plus three different polyphenols (curcumin, bergamot or green coffee bean powder) as adult options in a 30 min period after a 24 h fast. Experiment 5B: Larvae were raised on different concentrations of PFJ, then the eclosed flies from those vials were fed the 10.5% solution (CAFÉ control) produce the same pro-longevity effects that caloric restriction provides but without reducing caloric intake or inhibiting food intake (Carter et al., 2007) . Despite results from others suggesting Sir2 reduced Drosophila longevity (Rogina and Helfand, 2004) , our results failed to detect expression changes in this gene, as well as other sirtuin genes in the present study. Because previous microarray studies in mice found no changes in sirtuin genes when PFJ was supplemented (Leow et al., 2011; Leow et al., 2013c) , it appears that the effects of PFJ were not mediated by the sirtuin mechanism. This is in line with the findings and reviews by others that sirtuins may not be the key target in modulating ageing and longevity (Bass et al., 2007; Borra et al., 2005; Burnett et al., 2011; Garber, 2008; Kaeberlein et al., 2005a; Ledford, 2010; Pacholec et al., 2010) . On the contrary, the effects of caloric restriction on ageing are suggested to be mediated by the IIS and TOR networks (Gems and Partridge, 2013) . Gene expression data from curcumin-fed Drosophila, which showed that the TOR pathway was inhibited in larvae and in young to midlife adults, seemed to support this postulation, suggesting that curcumin may act as a dietary restriction nutraceutical (Soh et al., 2013) . The present study concurs with the curcumin study, further suggesting that PFJ qualify as a caloric restriction mimetic. In comparison to the curcumin gene expression study in Drosophila, which tested ten selected genes related to ageing and longevity using only real-time qRT-PCR, the present gene expression study was more robust and less biased because the whole genome microarrays obtained revealed that similar genes and gene clusters were commonly affected.
In fact, we have previously proposed that PFJ may function as a caloric restriction mimetic, based on its effects on gene expression in mice (Leow et al., 2011) , and that it also down-regulated phosphatidylinositol 3-kinase (PI3K)-related insulin signalling in Nile rats prone to diet-induced diabetes (Leow et al., 2016) , a pathway which is also a potential target for modulation of ageing and chronic diseases. Bolsinger et al. (2014) also reported that young growing rats, but not adults, tended to eat and grow less when fed PFJ that deterred diabetes (Bolsinger et al., 2014) . PI3K and TOR appear to regulate parallel signalling pathways controlling growth and development, which may converge on common targets. As such, TOR signalling can be thought of as a nutrient-dependent checkpoint on growth factor signalling (Neufeld, 2003) . Activated PI3K may positively regulate TOR, leading to increased phosphorylation of ribosomal p70 S6 kinase and eukaryotic initiation factor 4E binding protein 1, the two best-characterised TOR downstream effector molecules (Laplante and Sabatini, 2012; Polak and Hall, 2009; Strimpakos et al., 2009; Zhou et al., 2010) . Since the suppression of PI3K signalling can also extend lifespan, this implies that exploration of the PI3K pathway may also provide new avenues in extending longevity and overcoming degenerative diseases (Cantley, 2002) .
Limitations of study and suggestions for future research
Although the highest concentration of PFJ (12 mL providing 3216 μg GAE/kcal diet) significantly affected most of the physiological parameters measured in the present study, lower doses did not. Nonetheless, PFJ doses at 4 mL or higher (≥1072 μg GAE/kcal diet) did reduce egg-laying by naive females. Nevertheless, eclosed fruit flies at 4 mL PFJ tended to survive longer than controls. In a similar vein, fruit fly larvae reared on curcumin-supplemented diet yielded flies with longer lifespan, and the progeny of flies reared on curcumin had a higher viability (Chandrashekara et al., 2014) . As such, the fecundity of the fruit flies should be continuously monitored in future experiments, as lifespan extension in Drosophila is known to influence its reproductive ability (Paaby and Schmidt, 2009) . Also, as pointed out earlier, future studies might want to determine whether PFJ or its fractions were favourably altered by bacteria that grew in the media associated with larval growth and that the growth suppression resulted indirectly from these secondary alterations in PFJ.
In addition, only the survival of eclosed male fruit flies was tracked in the present study, as we were concerned that the reproductive cycle of the eclosed female fruit flies, which alters their caloric requirement and hormonal regulation, would have biased the outcome of the experiment. Accordingly, because manipulations that affect Drosophila lifespan often have gender-specific effects (Balasubramani et al., 2014; Tower, 2006; Tower and Arbeitman, 2009; Waskar et al., 2009) , it is possible that the survival analysis results found in eclosed male flies in the present study may differ from females. Hence, studying the effects of PFJ on both genders would be useful in future research.
Another point, which must be highlighted here, is that methyl-4-hydroxybenzoate or methylparaben, was used in preparing the semipurified diet utilised in the present study. Methylparaben has long been used as a preservative in foods, pharmaceuticals, industrial products and cosmetics. Acute toxicity studies in animals indicate that methylparaben is practically non-toxic by both oral and parenteral routes. In chronic administration studies, no-observed-effect levels (NOEL) as high as 1050 mg/kg had been reported and a no-observed-adverse-effect level (NOAEL) in the rat of 5700 mg/kg was postulated (Soni et al., 2002) . Methylparaben is a methyl ester of p-hydroxybenzoic acid. It is absorbed via the skin and gastrointestinal tract, followed by hydrolysis to p-hydroxybenzoic acid, conjugated, and the conjugates rapidly excreted in the urine with no evidence of accumulation (Soni et al., 2002) . Methylparaben is also commonly used as a fungicide in insect cultures, including Drosophila food media. However, it has potential estrogenic properties at 0.02% w/v concentration, and has toxic effects on the fecundity and development of fruit flies at 0.2% w/v concentration (Gu et al., 2009) . As p-hydroxybenzoic acid is the major component of PFJ F5 in the present study and its supplementation increased the exposure of fruit fly larvae to this particular component due to the presence of its precursor in the semi-purified diet, it is noteworthy that the administration of PFJ F5 during the fruit fly larval stage increased, rather than decreased, the survival of eclosed male fruit flies. Nevertheless, future Drosophila experiments would do well to test the exclusion of methylparaben during media preparation, to discount the possible effects of this component in affecting Drosophila physiology during PFJ consumption.
Finally, it is important to point out that the number of experimental replicates for the gene expression analyses were low, although individual biological replicates were pooled together to obtain sufficient RNA for the experiments and would thus increase biological variation. Because the n was low, multiple testing correction was not applied in the gene expression analyses since it would be inappropriate and likely miss any significance although they could be biologically significant. Also, the real-time qRT-PCR analysis in this study was conducted before the Pathway Studio network analysis was performed, as we initially analysed the microarray data by identifying genes that were most upand down-regulated and subsequently chose these genes for real-time qRT-PCR analysis. Some of these genes tested include those encoding for heat shock proteins as previously discussed. The Pathway Studio network analysis was only performed later in the study, and only then was our attention brought to the Tor and Sod2 genes, which are genes commonly known to affect ageing and longevity. These two genes would thus need to be further verified using a larger number of replicates in future studies.
Conclusions
Eclosed fruit flies fed PFJ or its fractions during the larval stage then aged on PFJ-free control diet (SBD) tended to show 20-40% improved survival ratings over controls, even as the PFJ effect was to delay larval growth and development. Transcriptomic analysis on whole fruit fly larvae and larval fat bodies revealed that PFJ supplementation generally lengthened the active stage of the fruit fly larvae and this may hence delay their ageing process via expression regulation of hormetic stress response genes linked to ageing and longevity, specifically Tor, various heat shock proteins, and Sod2. This is in agreement with existing literature on the possible mechanisms of promising anti-ageing or prolongevity compounds, thus suggesting further investigations on the potential use of PFJ as a caloric restriction mimetic by way of hormesis.
